Whereas the "vertical" elements of the insect olfactory pathway, the olfactory receptor neurons and the projection neurons, have been studied in great detail, local interneurons providing "horizontal" connections in the antenna I lobe were ignored for a long time. Recent studies in adult Drosophila demonstrate diverse roles for these neurons in the integratio n of odor information, consistent with the identification of a large variety of anatomical and neurochemical subtypes. Here we focus on the larval olfactory circuit of Drosophila, which is much reduced in terms of cell numbers. We show th at the horizontal connectivity in the larval antennal lobe differs largely from its adu lt counterpart. Only one of the five ana tomi ca l types of neurons we describe is restricted to the antennal lobe and therefore fits the definition of a local interneuron. Interestingly, the four remaining subtypes innervate both the antenna l lobe and the suboesophageal ganglion . In the latter, they may overlap with primary gustatory terminals and with arborizations of hugin cells, which are involved in feeding control. This circuitry suggests special links between smell and taste, which may reflect the chemosensory constra ints of a crawl ing and burrowing lifestyle. We also demonstrate that many of the neurons we describe exhibit highly variable trajectories and arborizations, especially in the suboesophageal ganglion. Together with reports from adu lt Drosophila, these data suggest that wiring variability may be another principle of insect brain organization, in parallel with stereotypy.
wiring variability of these neurons in the adu lt AL (Chou et al., 2010) , cha llenging the prevailing idea that insect brains are entirely or at least predominantly hardwired.
Nevertheless, all types of newly identified neurons arborized exclusive ly in the AL, complying with the definition of local intemeurons.
Here we focus on interneurons of the larval AL. The larval olfactory pathway has become a particularly attractive model system as it shares the basic design of the adult pathway but comprises on ly 21 ORNs and not many more PNs (Python and Stocker, 2002a; Masuda-Nakagawa et ai., 2005 Ramaekers et al., 2005) .
We address two key questions: 1) are larva l AL interneurons homologous to those identified in the adu lt, and 2) does their connectivity also reveal an unusually high degree of variability? Analyzing single-cell clones in three GAL4 driver lines allowed us to identify anatomically distinct subtypes of neurons in the larval AL that were neither ORNs nor PNs . Only one of them was a genu ine local interneuron, whereas the remaining subtypes also innervated the SOG and-in one case-additiona lly a subregion of the mushroom body lobes. For most of the ce ll types reported from the adu lt AL (Das et ai., 2008; Chou et al., 2010), we did not detect equiva lents in the larval AL.
Hence, the ce llular composition of adult and larval ALs appears to be largely different. However, sim il ar to the adult situation, we found a high degree of arborization variability in the larval neurons, in particular with respect to SOG patterns.
MATERIALS AND METHODS

Fly strains and fly breeding
For screening of GAL4 expression patterns, we crossed males of the GAL4 lines C739 (Yang et ai., 1995) , GH 146 (Stocker et ai., 1997; Heimbeck et al ., 2001 ), GH298 (Stocker et ai., 1997) , H24 (Martin et ai., 1998) , and HB8-145 (both from U. Heberlein; Chou et ai. , 2010) , Krasavietz-GAL4 (Shan g et ai., 2007) , LCCH3 (J. Simpson; Chou et al., 2010) , Nan-GAL4 (Kim et ai., 2003) , NP0385, NP1227, NP1612, NP2426, NP3056, and NP6277 (all from the NP Consortium, Japan), OK107 (Lee et al., 1999) , and 189Y-GAL4; mb247-GAL80 (Osborne et ai., 1997; Python and Stocker, 2002a; Krashes et al., 2007) with virgin females of the two reporter lines UASmCD8: :GFP (Bloomington Stock Center, Bloomington, IN) or UAS-Cameleon 2.1 (UAS-Cam; Diegelmann et ai., 2002) . For inducing single-ce ll clones, ma les of 189Y-GAL4; mb247-GAL80, NP2426-GAL4, NP3056-GAL4, or GH 146-GAL4 were crossed with virgin females of the responder line hsFLP; CyO/SP; UAS > y+ CD2 > pCD8 :: GFP (WoNg et al., 2002) .
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To identify pre-and postsynaptic sites of neurons, males of 189Y-GAL4; mb247-GAL80, NP2426-GAL4, and NP3056-G AL4 were crossed with virgin females of the responder lines UAS-nsyb: :GFP (Ito et ai., 1998) and UASDscam 17.1 ::GFP (Wang et al., 2004a) . Co-loca lization analysis of 189Y-GAL4; mb247-GAL80, N P242 6-GAL4, and NP3056-GAL4 wa s done by crossing males of these three lines with either hug::YFP; UAS-CD2 or GR66a :: GFP; UAS-CD2 virgin females (Bader et ai., 2007; Colomb et ai., 2007) .
Flies were raised at either 18°C (for clone analysis) or 25°C (all other experiments) on standardized cornmeal medium contain ing yeast.
Clone induction
Clones were induced by activating FLP recombinase via a heat shock (3 r C) of 18-19 minutes' duration, appli ed at variable times from 48 to 96 hours after egg laying. Larvae were then al lowed to continue development at 18°C.
Dissection, immunohistochemistry, and confocal microscopy
Feeding third instar larvae (L3) were dissected in phosphate-buffered saline (PBS; pH 7.2 ). The CNS was fixed for 25 -30 minutes at room temperature (RT) in 3.7 -4% paraformaldehyde (PA) in PBST (PBS conta in ing 3% Triton-X 100; Sigma-Aldrich, St. Louis, MO). Specimens were then rinsed 3X 15 minutes and an extra 2 hours in PBST at RT and preincubated at RT with 3-5% normal goat serum (NGS; Vector, Burlingame, CAl in PBST for 1-2 hours .
As primary antibodies we used for all stages rabbit or sheep polyclonal serum against green fluorescent protein (rabbit a.-GFP; Molecular Probes, Eugene, OR, cat. #A6455; 1: 1 ,000; sheep a.-GFP; Serotec, Bicester, UK, cat. #4745-1051; 1:1,000) and mouse anti-Discs-Large PDZ2 domai n (a.-DLG; Developmental Studies Hybridoma Bank [DSHB] , Iowa City, lA, 4F3; IA; 1:2 0), the latter for visuali zing the AL neuropil. In experiments aimed at neurotransmitter identification, we used mou se anti-choline acetyltransferase (a.-ChAT; DSHB, 4B 1, IA; 1 :200) in combination with rat anti-CD8 (a.-CD8; Ca ltag, South San Francisco, CA, cat. #RM2200; 1 :2 00), rabbit anti-GABA (a.-GABA; Sigma, St. Louis, MO, cat. #A2052, 1 :500), or sheep a.-GFP (see above). For co-localization with gustatory and hugin-positive neurons, we used rabbit a.-GF P (see above) and mouse anti-CD2 (Serotec, cat. #MCA 154R; 1 :2 00) .
All antibodies were diluted in 3% NGS in PBST. After overnight incubation at 4°C with the primary antibodies, brains were rinsed 3X 15 minutes and 2 hours in PBST before being incubated for another night with secondary San Jose, CAl. Curves (input to output options) were readjusted for each color independ ently but always on the whol e picture by using Image-J. The intensity of non specific background staining was lowered by using the "dust and scratches" filter with Photoshop.
Antibody characterization
Anti-GFP
Rabbit anti-GFP and sheep anti-GFP are regularly used for studies on Drosophila and ze brafish, (Thum et aI., 2006; Collins et aI., 2010) . They recognize the ectopically expressed GFP protein, as demonstrated by the absence of labeling in wild-type brains respectively (data not shown) .
Anti-OLG
Anti-Discs large (DLG; antibody 4F3 from DSHB) labels larval neuromuscular junctions (NMJs) in a pattern (Pama s et aI., 2001 ) that is similar to that of a polyclonal anti-DLG widely used to label the Drosophila larval NMJ; mutant dIg larvae exhibit altered expression of the latter and striking changes in NMJ structure (Lahey et aI., 1994) .
Anti-ChA TB 1
DChAT (Dro sophila choline acetyltransferase) is the synthetic enzyme for acetyl choline and thus a marker for neurons with a cholinergic phenotype. The antibody was shown to react with a single band at a position of ap proximately 80 kDa in crude fly head samples (Takagawa and Salvaterra, 1996) .
Anti-COB IX
Rat anti-mou se CD8ct-subunit antibody recognizes specifically the ectopically expressed CD8 protein in Drosophila as demon stra te d in a study focu sing on the adult mushroom body (Tanak a et aI., 2008) . No labeling was seen in our preparations wh en rat anti-mouse CD8()( antibody was used as the primary antibody for the larval brains unless the GAL4 drove expression of mCD8::GFP.
Anti-GABA
To detect the presence of GABA immunoreactivity, we use d a polyclonal antibody from rabbit. Rabbit anti-GABA shows positive binding with GABA in a dot blot assay and negative binding with bovine serum albumin (BSA; Sigma data sheet) . The GABA antibody ha s been extensively used in amphibians (Bachy and Retaux, 2006; Moreno and Gonzalez, 2007) and was also use d in a recent study in adult Drosophila to describe the morphology of GABAimmunoreactive local interneurons in the AL (Seki et aI., 2010) , thereby demonstrating specificity for GABAergic interneurons in the antenna I lobe of Drosophila , similar to our analysis on the same type of neuron in the same species at the larval stage . Even Larkin et al. (2010) , also using rabbit anti-GABA, showed a similar pattern of GABA-positive neurons within the larval antenna I lobe in comparison with our study.
Anti-C02
Anti-CD2 was raised in mouse and was shown to recognize the rat CD2 cell surface antigen, a 50-54-kDa glycoprotein expressed by thymocytes and mature T cells (Whiteland et aI., 1995) . This antibody recognizes the ectopically expressed CD2 protein as demonstrated by the absence of labeling in wild-type brains (Bader et aI., 2007) . No labeling was seen in our preparations when mouse anti-rat CD2 was used as the primary antibody for the larval brains unless the GAL4 drove expression of CD2. More details on eac h antibody are given in Table 1 .
RESULTS
Expression patterns of 16 candidate interneuron-specific GAL4 lines in the larval antennal lobe
To identify neuron s in the larva l AL, we crossed 16 candidate GAL4 lines (see Materials and Methods), many of which were reported to label loca l interneurons in the ad ult AL (Chou et aI., 2010) to UAS-Cameleon 2.1 (Cam ; Diegelmann et aI., 2002) , whose expression was studied by applying an antibody aga in st GFP. Anti-Di g staining wa s used to visuali ze the larval AL and other prominent landmarks as described before (Masud a-Nakagawa et aI., 2005) . In most of these lines, expression was seen in various regions of th e centra l nervous system (CNS), such as central brain, optic lobes, mu shroom bodies, tritoc erebral/suboesophagea l area (for simplicity called subesophageal ganglion [SaG] herea fter) or ventral nerve co rd . Evidence from 15 ALs showed that the first of three lines studied in detail, 189Y-GAL4; mb247-GAL80; UASCam, labeled five to six ALNs ( Fig. 2A) . We used UASCam in our study as it provides two binding sites for the GFP antibody and therefore leads to an increased fluorescence (see also Selcho et al., 2009 ). The ALN cell bodies were located ventrolateral of the AL, either close to it (in one to two ALN s) or at some distance (for most ALNs).
Arborizations were essentially restricted to the AL, although many preparations displayed a weak innervation in the adjacent SOG . Judged from the total pattern, the AL neuropil appeared to be homogeneously innervated ( Fig.2A) .
The exp ression pattern of the second line, NP2426-GAL4; UAS-Cam (11 ALs ana lyzed), inc lud ed two clu sters of strongly labe led ALNs, comprising a total of about six to eight neurons ( were visualized by NP2426-GAL4 already in the first larval instar (four ALs analyzed) (Fig. 3A) . Their numbers remained constant through the second larva l instar (n = 4) ( Fig. 3B ), feeding third instar (n = 5) (Fig. 3C) , and wandering third instar (n = 9) (Fig. 3D) . However, the density of innervation of the AL and the adjacent SOG appeared to increase during this period. Taken together, these data suggest that the NP2426-positive ALNs are of embryonic origin. However, whether the innervation patterns of individual neurons are related to their birthdates remains unknown.
Types of interneurons innervating the larval antennal lobe
To better characterize the ALNs, we generated flp-out clones in the three selected GAL4 lines . In general, most of the ALNs show a surprising degree of variability in their innervation patterns, making a transparent classification difficult. Therefore we have chosen a restrictive approach for the categorization of ALNs, which is based mainly on cell cluster origin, major differences in AL innervation, and the presence or absence of SOG and MB innervation, criteria that are unambiguous. Differences in SOG innervation patterns were not taken into account due to their extreme variability. Our approach thus allows for a distinction of different ALN types and subtypes. The mb247-GA LBO labe ls AL neurons (ALNs) whose cell bod ies are located ventro latera l of the AL (thin arrows). B: NP2426-GAL4 disp lays two c lusters of ALNs, ventrolatera l (thin arrow) and dorsolatera l (bo ld arrow) of the AL. In both li nes ALNs dense ly innervate the AL and send extra processes into the adjacent SOG (asterisks), especia lly in NP2426-GAL4. C: NP3056-GAL4 also displays ventro latera l ALNs (th in arrow) and dorsolate ral ALNs (bold arrow). Innervation appears sparse in the AL but prominent in the adjacent SOG (asterisk). D,H,L: combined anti-GABA sta ining (b lue) and anti-ChAT stai ni ng (red) in 189Y-GAL4; mb247-GA LBO (D), NP2426-GAL4 (E), and NP3056-GAL4 (F). subtypes we describe show considerable variation for certain pattern elements such as the inn ervation of distinct AL glomeruli. Additional subdivisions thus remain theoretica lly possib le, but are unlike ly given the restricted numbers of neurons in the larva. For a detailed overview, see also Table 2 .
Neuron s were identified in single-cell or two-cell clon es. Two related but surprisingly variable neuronal morphologies collectively termed type 1 ALNs were revea led by clones of 189Y-GAL4 and NP2426-G AL4. From 36 ALNs studied in 189Y-GAL4; mb247-GAL80 and 40 ALNs ana lyzed in NP2426-GAL4 (Fig. 4) , 26 neurons termed subtype 1A ALN s established arborizations exc lusive ly in the AL (Fig. 4A,B) . The remaining 21 subtype 1 B ALNs showed an extra innervation in the adjacent SOG that was either weak (n = 13) or more prominent (n = 8) (Fig. 4C,D) . Therefore type 1 ALNs fall into subtypes A and B based on the absence or presence of SOG inn ervation, respectively. The patterns of SOG arborization were very variable, with scattered arbors occasiona lly approaching the midline. The fact that many intensely stained ALNs did not display any trace of an SOG projection suggests that subtype 1A morphology is real rather than being due to incomplete reporter expression. The large majority of ALNs innervated the AL homogeneously, . In genera l, the AL is homogeneously innervated (A -D), but, exceptiona lly, branching is less dense in its med ial ha lf (C; asterisk). The ce ll body fiber of both subtypes either enters the AL stra ight after reaching the ventrolatera l corner of the AL (B; arrow) or loops along its lateral edge before branching (E,F; arrows). Secondary processes pass esse ntially via interglomerular spaces (G,H; arrows) before sending tightly branched tertiary processes into the glomerul i proper (I,J). E-J: Different single-ce ll clones. K-M: High er magnification of secondary processes (arrows) in the interglomeru lar spaces. L,M: Only the anti-GFP or anti-DLG sta ining, respective ly. N-P: Higher magnification of tertiary processes innervating AL glomeruli (arrows). O,P: Only the anti-GFP or anti-DLG staining, respectively. Green, anti-GFP staining; magenta, anti-DLG sta ining. Pane ls represent Z-projections comprising 3-10 co nfocal planes (single planes in G,H). Dorsal is on top and latera l to the left. Sca le bar = 10 pm in A (applies to A-J; K-M and N-P show higher magnifications of Hand J, respective ly).
ostensibly covering all of its glomeru li with sim il ar density. Exceptiona lly, branching tended to be less intense in the medial half of the AL (Fig. 4C ) or some glomeruli received slightly stronger innervation (not shown), but whether these patterns were genuine or due to unequal reporter express ion remains an open question. For 31 type 1 ALNs, the primary process extending from the cell body split up into secondary processes immediately upon reaching the AL neuropil at the ventro lateral edge (Fig. 4B) . In the remaining 16 cases, the primary process extended latera lly around the AL neuropil before 3422 estab lishing secondary processes in the dorsolateral quadrant of t he AL (Fig. 4E) . The secondary processes passed essentia lly via interglomeru lar spaces (Fig.  4G ,H,K-M) before sending tightly branched tertiary processes into the glomeru li proper (Fig. 41,J ,N-P) . The cell bod ies of 12 type 1 ALNs were located close to the AL neuropil (Fig. 4A) , and those of the remaining 35 type 1 ALN s were at some distance (Fig. 4B ). These proportion s reflect the ce ll body positions known from the total pattern of 189Y-GAL4 (cf. Fig. 2A ) . The pos ition was not correlated with either the trajectory of the primary process or with the presence or absence of an extra SOG innervation .
Hence, subtype 1 A and 18 ALN s share ce ll body position and arborization patterns in the AL, but differ, respectively, in the absence or presence of an extra innervation in the SOG . The lack of corre lation between cel l body position and SOG innervation and the variable arborization patterns in the SOG suggest that the estab lishment and the extent of this extra innervation may not be strictly programmed.
The 40 ALNs analyzed in NP2426-GAL4 clones and an add itional 10 single-ce ll clones in NP3056-GAL4 revealed another seven anatomically distinct subtypes of ALN s.
Type 2 ALNs (n = 11), which also had their cell body in the ventrolateral cluster, were characteristic for sparse branch ing in the AL but ma ss ive innervation of the SOG .
Subtype 2A ALNs (n = 8) (Fig. 5A-0 ) displayed a small number of stout, prominent processes in the AL that extended via interglomerular spaces (Fig. 5A,8 ). Oespite robust reporter expression, discre te side branches into the glomeruli proper were not observed. We also note that these ALNs innervated mostly the posterior half of the AL (Fig. 50) . In subtype 28 ALNs (n = 3), the primary process extended straight through the AL neuropil and established arborizations exc lusively in a small medial area of the AL adjacent to the SOG (Fig. 5E,F) . 80th subtype 2A and 28 ALNs were characteristic for massive, highly variable arbors in broad areas of the SOG, up to the midline (Fig. 5A-F) .
In contrast to type 1 and 2 ALNs, the cell bodies of type 3 ALNs (n = 4) belonged to the dorsolatera l cluster (Fig. 6A,8 ) . These neurons densely innervated the latera l half of the AL (largely bypassing the medial half) (Fi g. 68,C) and established a few extra arbors in the adjacent SOG (Fig. 6A,8 ).
Type 4 ALNs also had a dorsolateral cell body (Fig.   60,E) , but, similar to subtype 2A ALNs, branching in the AL wa s sparse (Fig. 6E ) but stronger in its posterior half (Fig. 6F) , and the innervation of the SOG was massive (Fig. 60,F) .
Typ e 5 ALN s (n = 17) showed three major characteristics . First, their cell bodies belonged to the dorsolateral clu ster (Fig. 7 A-O,F,G,I,J) . Second, their primary process was thicker than in other ALN classes; it generally entered the AL neuropil at an anteroventra l position and often split initially into two thick secondary processes (Fig. 7 A-C) . Third, arborizations covered mostly the ventromedial half of the AL neuropi l, leaving the dorsolateral half empty (Fig. 7 A-G,J) . Given that this pattern was strong and similar in all clones, the lack of innervation of the dorsolateral half is unlikely to be an artifact. In four cases, a particular glomerulus in the posterior half, ca ll ed 1 a (Masuda-Nakagawa et al., 2009), appeared more ALNs innervate exclusively a small medial area of th e AL adjacent to th e SOG (thin arrows). Both subtype 2A and 2B ALNs establi sh mass ive, variable arborization patterns in the SOG (A -F; bold arrows) frequently up to th e midline (C -F; asterisks). Green, anti-GFP sta ining; magenta, anti-DLG sta ining. Pane ls represent Z-projections co mprising 6-29 confoca l planes. Dorsal is on top and lateral to the left. Scale bar = 1 0 ~lm in A (appli es to A-F).
densely innervated than other glomeruli (Fig. 7E ) . In contrast to class 2 ALNs, the AL innervation of type 5 ALNs was dense and homogeneous, with secondary processes extending largely via interglomerular spaces and tertiary processes terminating in the glomeruli. However, simi lar to class 2 ALNs, parallel processes pa ssed into the SOG and estab li shed prominent arborizations over a wide but variable area up to the midline and sometimes even beyond ( Fig. 7C -F,H) .
Type 5 ALNs fall into three SUbtypes: subtype 5A ALN s (n = 14) are characterized exclusively by the features mentioned above. Subtype 58 ALNs (n = 3) displayed the same patterns in the AL and SOG (Fig. 7G -I ) but sent an axon via a pathway exte nding latera l of the antennocerebral tract toward a prominent subregion of the mushroom bodies called the lateral appendix (Pauls et aI., 201 Ob) ( Fig. 71 ). This axon established terminal arborizations medial to the lateral appendix and then spl it into two branches that formed additional terminals around the base of the mushroom body vertical lobe (Fig. 71) . A related type of neuron (n = 1), termed subtype 5C ALN (Fig. 7J,K) , was almost id entica l to 5B ALNs, except for the axon extending into the mushroom body area. Instead of staying outside the lateral appendix, this process estab lished terminal s right in side this structure (Fig. 7K ) . In addition, the two terminal branc hes did not end at the base of the vertical lobe but climbed to its top before estab lish ing terminals (not shown) . However, it remains possible that 5B ALNs represent an incompletely expressed version of 5C ALNs . Nevertheless, subtype 5C
ALNs are intriguing because they interconnect primary olfactory and gustatory target regions with the mushroom 3424 bodies, three major areas implicated in chemosensory learning.
Putative direction of signal transfer in antennal lobe neurons
To elucidate likely input/output relations of ALNs in the AL and SOG, we crossed UAS-Dscam 17. 1-GFP, described as a putative postsynaptic marker (Wang et aI., 2004a; Selcho et aI., 2009 ) and UAS-nsyb-GFP, an establi shed presynaptic marker (Ito et al., 1995; Selcho et aI., 2009) , with the three selected ALN GAL4 drivers. Each of these strains exhibited both massive Dscam 17 .1 expression ( Fig. SA-C ) and nsyb expression (Fig. SD-F) in the AL. Regarding SOG processes, Dscam 17.1 expression was obvious in 1S9Y-GAL4; mb247-GALSO (Fig. SA) and in NP3056-GAL4 (Fig. SG) . Despite strong Dscam expression of NP2426-GAL4 in the AL, there were only weak traces of such label in the SOG (Fig. SB) . In contrast, in all three lines, nsyb expression was evident in the SOG, in a Figure 7 . Type 5 ALNs displayed by flp-out clones of NP2426-GAL4 belong to the dorso latera l cluster (A-D,F,G,I,J). A-F: Subtype 5A ALNs have a thick primary process that enters the AL at an anterove ntral position and often initi all y sp li ts into two second ary processes (A-C; thin arrows) . Arborizations cover exclusive ly the ventromed ial ha lf of the AL (A -F) . Occasionally, glomerulus Or1a receives a particularly dense innervation (E; asterisk). Parallel processes pass from the AL into the SOG and estab li sh prom inent but variab le arborizat ions up to the midline (C -F; bold arrows). G-I: Subtype 5B ALNs establish arb ors in the AL and SOG (H, I), similar to 5A ALNs, but in add iti on send an axon toward the lateral append ix of the MBs (I; thin arrow). Its termina ls are located media l to the lateral appendix and around the base of the MB vertica l lobe (I; bold arrow). J,K: Subtype 5C AL Ns are almos t identical to subtype 5B, except that the axon extending into the MB area forms terminals inside the latera l appe ndix (K; asterisk). Green, anti-GFP sta ining; magen ta, anti-DLG sta ining. Panels represe nt Z-projections comprising 5-40 confoca l planes. Dorsal is on top and latera l to the left. Sca le bar = 1 0 ~lm in A (applies to A-K). pattern compatible with the anatomy of the ALN projections revea led by each of them (Fig. 8D-F ). In conclusion, we suggest that the ALNs labeled by the three lines exhibit both input and output sites in the AL and in their SOG projections, except for NP2426 ALNs, which appear to have less input in the SOG.
We then analyzed possible overlap of ALN processes in the SOG with the terminals of gustatory neuron s responding to bitter taste, as visualized by Gr66a::GFP (Thorne et aI., 2004; Wang et aI., 2004b) . As Gr66a is tagged by GFP, we drove UAS-C D2 by the different GAL4 lines for analyzing the GAL4 expression pattern (the same is also true in the following wh en using hugin ::YFP) . Although CD2 expression of the 189Y-GAL4; mb247-GAL80 and NP2426 driver lines was weaker than its Cam expression ( Fig. 2A-C) , ALN processes in the SOG were seen in close neighborhood to terminals of gustatory receptor neurons (Fig. 8G,H) . Finally, we checked for overlap of ALN processes with neurons expressing the Hugin neuropeptide, cells that play crucial roles in feeding behavior (Melcher and Pankratz, 2005) . As shown in Figure 81 ,J, hugin neurons and ALNs of the two driver lines have terminal processes located in close proximity. Taken together, the data indicate that larval ALNs may integrate olfactory cues with gustatory information as they are potentially associated with gustatory neurons and a neuronal circuit related to feeding. Our data are restricted to the two driver lines 189Y-G AL4; mb247-GAL80 and NP2426, as NP3056 only weakly expresses in two ALNs and was not reliably detected by the anti-CD2. Such a detection level problem was not seen when anti-GFP was used .
Types of projection neurons innnervating the larval antennal lobe
The different subtypes of uniglomerular PNs and their connectivity with individual calyx glomeruli have been analyzed in detail (Ma suda-Nakagawa et aI., 2009). The tool used for this study was the PN line GH 146-GAL4 (Stocker et al ., 1997; Heimbeck et al., 2001) , which covers all AL glomeruli except 67b and 74a (Ma suda-Nakagawa et aI., 2009). As shown by four independent flp-out preparations, the expression pattern of NP2426-GAL4 included a PN that specifically innervated glomerulus 67b (data not shown). The cell body of this neuron was located at the ventrolateral edge of the AL (data not shown), and its neurite extended through the inner antennocereberal tract (iACT; data not shown) . Similar to other uniglomerular PNs, its dendritic arborizations covered a slightly larger area than the terminals of the corresponding olfactory receptor neuron 67b . As suggested by two flp-outs, the output area of the 67b PN in the MB calyx corresponds to one of the vacant calyx glomeruli of the GH 146-based At low frequencies (n = 15), flp-out clones in GH 146-GAL4 revealed the presence of PNs whose dendritic arbors occupied areas that vi sibly exceeded the size of individual glomeruli (Fig. 9A -F) . They were often found in the lateral half of the AL (Fig. 9A-D) . For exa mple, the PN shown in Figure 9A covered at least glomeruli 30a, 45b, 63a, and 94b. The precise areas filled by these wide-field PNs were extreme ly variable, i.e., none of the dendritic patterns of the 15 neurons id entified were in fact identica l. Moreover, none of the dendritic arbors appeared to respect glomerular borders. Given t hat GH 146-GAL4 labe ls abou t 22 PNs, 19 of which are of the uniglomerul ar type (Masuda-Nakagawa et aI. , 2009), only th ree extra types are left. The fact that many more than three patterns occurred suggests that wid e-field PNs differ across larvae.
DISCUSSION
ORN s and the majority of PNs re strict their arbors in the AL to single glomeru li and thus establish the consp icuous "vertical" circuitry of the olfactory pathway. Based on this stra ightforward design, much information has been co llected in the past few years about the connectivity and fun ctional role of these two ce ll types, in both adu lt and larval Drosophila. Local interneurons of the AL, which provide "horizontal" connection s, were also known for a long time, although their role in odor processing was initially underestimated (N g et aI., 2002; Wang et aI. , 2003) . However, recent electrophysiological studi es provid ed evid ence of significa nt integration of odor information by local interne urons in the ad ult AL (Wilson et al., 2004; Wilson and Laurent, 2005; Bhandawat et aI., 2007; Olsen et aI., 2007; Olsen and Wilson, 2008) . However, given the presence of inhibitory and excit atory cell types and of a wide variety of anatomica l types (Das et aI., 2008; Chou et aI. , 2010) , a genera lize d concept of th e fun ctiona l role of local interne urons is sti ll hard to obtain. Here we focus on the larva l olfactory ci rcuit, which shares the design of the ad ult circuit but includes 10-100 times fewer neurons (Masuda-Nakagawa et aI., 2005 Ramaekers et aI. , 2005) . We provide evidence th at the horizonta l connectivity in the larval AL differs largely from its adu lt counterpart, unlike the vertica l circuitry, which is conserved between the adult and larval olfactory pathway.
Cell types and wiring variability in the la rva l antenna I lobe Su rpri singly, only one of the nine anatomi ca l subtypes of ALN s we describe (1 A) is restricted to the AL neuropil and hence meets the definition of an olfactory local inte rneuron. In contrast, the eight remain ing subtypes branch-in addition to the AL-in the SOG, either adjacent to the AL or in a larger area up to the midline or even beyond . Th e ass ignment of ALNs to one of the five classes is straightforward, based on cell body position, morphology of the primary processes, density, and pattern of arborization in the AL and/or SOG and/or MB . Apart from these characteristics, we also observe vari-3428 abil ity at the finer level of arborizations, which co uld reflec t eith er incomplete reporter expression or true variability within ce llul ar subtypes or even across larvae. Furthermore, the low number of identified clones for some subtypes of ALNs (subtype 2B, type 3, subtypes 5B and 5C) might limit our approach. Supporting the variab il ity argument are the patterns of type 2 ALNs in the AL and of type 2,4, and 5 ALNs in the SOG.
In both th e AL and SOG, the numbers and trajectories of major processes differ cons iderably. For examp le, type 5 ALNs may send either a si ngle, profusely branching process from the AL to the SOG or up to a dozen parallel, relative ly unbranched processes . These observations are hard to exp lain as an artifact. A good argument in favo r of variability is provided by the fact that the different ALN morphologies observed, especia lly in the SOG, largely exceed the numbers of neurons labeled by the GAL4 drivers used. However, the possibility should not be exclud ed that the larval AL consists of ALNs to a greater extent than suggested by our approach, and therefore variation might be overestimated.
Even stronger evidence of wiring variability is demonstrated by the dendritic arborizations of wide-field PNs visualized in rare flp-outs ofGH146-GAL4. This is quite remarkable because GH 146-GAL4 labe ls about 22 PNs, 19 of which are of the uniglomerul ar type (M asud a-Nakagawa et aI., 2009) . This leaves only three extra types of PNs, i.e ., much less than the observed wide-field patterns. Hence, we hypothesize that the morphology of wide-field PN s varies across larvae (Fi g. lOB) . However, we are not able to predict how complete ly the given data support thi s variation.
Origin of larval antennal lobe neurons
Our data suggest that ALNs are of embryon ic rather t han larval origin (Fig. 3) . Whereas the developmental mechanisms that give rise to ORN and PN circuitry have been stud ied in great detail in Drosophila, only a few studies refer to the development of LNs or ALNs (Komiyama and Luo 2006; Jefferis and Hummel 2006; Rodriguez and Hummel, 2008 ; Das et aI., 2008) . For instance, intrinsic transcription factors as well as grad ients of axon guidance molecules have been shown to control ad ult PN targeting, which is prespecified by lineage identity (d eriving from an anterodorsal, a latera l, and a ventral neuroblast) and birth order (Jefferis et aI., 2001; Komiyama et aI., 2003; Spletter et aI., 2007) . Adult LN s arise throughout the proliferative cyc le of the lateral neuroblast that begins in the embryo, wherea s uniglomerular projection neurons arise later during the second larva l instar (Das et aI. , 2008) . Moreover, the latera l neuroblast requires the function of the cepha li c gap gene empty spiracles for the development of olfactory interneurons (Das et al. , 2008) . antenna l lobe neuron s vary betwee n different larvae. Therefore wiring variabi lity may be another principl e of in sect brain organ ization, in parallel with ste reotypy.
Based on our desc ription, it will now be pos sibl e to study t he birth order and molecular factors underlyi ng ALN development in detail.
Variability as a principle of insect brain organization
A number of recent reports ind eed challenge the classica l view that insec t brain circuits are entirely or at least predominantly ste reotyped. Interestingly, whereas the terminal arborization patterns of PNs in the latera l horn of adu lt Drosophila are qu ite stereotyped , the connectivity of the same ne urons in the MB calyx shows a consid erable degree of topographic and functional variability (Marin et aI. , 2002; WoNg et aI., 2002; Jefferis et aI., 2007; Murthy et aI., 2008) . More importantly, a systematic sc reen of loca l interneurons in the ad ult AL revealed unexpected ce ll type diversity and wiring variabi lity of these neuron s (Chou et aI., 2010) . In fact, from a total of 131 single ce lls ana lyzed in a GAL4 line that labe ls no more than seve n neurons, 76 distinct glomerul ar innervation patterns were observed, suggesting that local interneurons are highly variable across individual flies. Our own observations extend this notion to the larval olfactory pathway by adding two pieces of evide nce: the branching variabi lity of typ es 2, 4, and 5 ALNs in the AL and /or SaG and the erratic, nonclassifiable dendritic arborization patterns of wide-field PN s (Fi g. lOB) . Based on th eir detailed experime ntal approac hes, Chou and co-workers (2010) proposed th at primary features of neurons (commonly ca ll ed "ce ll types" or "subtypes") may be genetica lly prespec ified, whereas branching variability at more subtle leve ls may be due to ce ll-ce ll interactions du ring development or to neuro nal activity and plasticity.
In any case, wiring variability appears to emerge as a second principle of insect brain orga niza tion, in para llel with stereotypy ( Fig. lOA; Cachero and Jefferis, 2008) . Conseq uently, the ge neral significance of circuit models estab lished from single or even a few individuals may be questionable. Also, variable connectivity shou ld be taken into account in models of brain function, which so far were almost exclusively based on stereotyp ic connectivity. An imminent question is how differently wired brains accomp li sh common functions, such as translating sensory inputs into the same behavioral output. As one of the few suggestions add ressing this issue, tiling of the entire adult AL by "patchy" loca l interneuron s was suggested to be sufficient for proper signal processing, even if the patterns of tiling differ across flies (Chou et aI., 2010) . However, how different patterns of signal transfer in different brains are translated into a common function remains a mystery.
Functional considerations
Wh at do our anatomical data suggest in terms of AL function? We show that Of.-GABA staining overlaps with some of the neurons labeled by NP2426-GAL4 and NP3056-GAL4, extending previous findings with 189Y-GAL4 (Python and Stocker, 2002b) . This suggests an inhibitory function of these neurons. In contrast, our attempt at identifying an excitatory, cholinergic class of ALN s simi lar to the adult AL (Olsen et aI., 2007; Root et aI., 2007; Shang et aI., 2007) remained incon cl usive, although cholinergic local interneurons were reported in the AL of first instar larvae (L. Pri eto Godino, Cambridge UK, personal comm unication) .
The arborization patterns of most types of ALN s we describe differ considerably within th e AL, which may be related to spec ific aspects of odor processing. Type 1 ALNs sha re th e AL innervation pattern of adult panglomerular local intern eurons (Chou et aI., 20 10) , suggesting simi lar functional properties. In contrast, type, 2, 3, 4, and 5 ALNs branch predominantly or exclusively in subregion s of th e AL, such as the posterior half in subtype 2A and type 4 ALN s, the lateral half in type 3 ALNs, the ventromedial half in type 5 ALNs, or a tiny medial AL region in subtype 2B ALNs . In this context we also note the often prominent innervation of glomeru lus 1 a, a putative target of aromatic odors (Asahina et aI., 2009) , by subtype 5A ALNs. Tentative mapping of larva l odor liga nds (Kreher et al., 2008; Asahina et aI., 2009) in the AL suggested spatial heterogeneity of odor representation, for examp le, a clustering of glomeruli that potentially respond to aromatics in the latera l half of the AL (M asuda-Nakagawa et aI. , 2009) . Lin ks between heterogeneous ALN arborization patterns and the glomeru lar odor map are to be expected.
Perhaps the most intriguing issue regarding structurefunction relationships refers to the role of ALNs that interconnect t he AL with the SOG, especia lly types 2, 3, 4, and 5 ALNs. Do the SOG arbori za tions of these neurons 3430 represent input or output sites, or both? Do they establish direct synaptic connectivity with taste afferents (Colomb et aI., 2007 ) or with hugin cel ls, i.e ., putative gustatory interneurons involved in feeding control (Melcher and Pankratz, 2005; Bader et aI., 2007) ? The broad areas of gustatory terminals and hugin neuron branches in the SOG indeed render such connectivity poss ibl e. However, for an unequivocal demonstration of direct synapses, more sophisticated approaches such as electron microscopy or GRASP (QFP ~econst itution ~cross ~ynaptic £art-ners; Gordon and Scott, 2009 ) would be required. Convergence of t aste and odor circuits, wherever they occur in the brain, provides the anatomica l substrate of tastereinforced olfactory lea rning, skills that have been demonstrated for adu lts as well as larvae (Thum et aI., 2007; Selcho et aI., 2009; Pauls et aI., 201 Oa,b ; for review, see Gerber et aI., 2009) . Accordingly, ALNs connecting the SOG and AL would represent ascending neurons that are involved in signa l transfer toward higher olfactory centers . Neurons particularly suited for such function appear to be subtype 5C ALNs, which relay the three major brain regions implicated in chemosensory learn ing, i.e., SOG, AL, and MB. Alternatively, such neurons cou ld be involved in feedback from the MB toward the AL and SOG . Indeed, functional evidence for descending neurons, although anatomically distinct, was provided for the ad ult olfactory circuit (Hu et aI., 2010) .
Evolutionary links of circuit differences in the adult and larval antennal lobe
Our data suggest that the patterns of horizontal connectivity are less well conserved between adu lt and larva l ALs than the vertical circuitry provided by ORNs and PNs (Fig. 10) . In fact, only subtype 1A ALNs have their homologs in the adult AL (D as et aI., 2008; Chou et aI., 20 10) . Moreover, for most of the adult categories of loca l interneurons, including bilateral types, we were unable to identify larva l equ ivalents. However, types of ALNs other than those described here may be revealed by using additional suitable GAL4 lines.
The most strikin g feature in the larva l AL circuitry is the connectivity between the AL and the SOG that is provided by eight of the nine ALN subtypes . This implies specia l lin ks in larvae between the two chemical senses smell and taste. This notion is supported by a number of other observations:
1. Whereas olfactory and gustatory sens illa in adults are strictly separated on different appendages, they are close ly associated in the larva l dorsal organ. 2. In terms of cell numbers, gustation dominates olfaction in larvae : they comprise an estimated 80 gustatory neuron s but only 2 1 ORNs. In ad ults, which have ~300 gustatory neurons and ~ 1 ,300 ORNs, this relation is reversed.
3. Certain odorant receptors are also expressed in larval neurons that are not involved in olfactory function, neurons that target the SOG rather than the AL (Fishilevich et aI., 2005; Kreher et aI., 2005) . Do these differences in the design of adult and larval olfactory c ircuits reflect major discrepancies in chemosensory performance between flying and crawling stages?
Obviously, adults vitally depend on long-range chemical signaling for food and mate recognition, whereas substrate-feeding larvae do not. Also, burrowing movements of the larva physically expose both gustatory and olfactory sensilla to the substrate . It is tempting to speculate that the relative importance of the two chemical senses and perhaps even the extent to which they can be distinguished differ between the two stages. Hence, the different patterns of connectivity in the adult and larval AL may only represent an anatomica l correlate of the different chemosensory life styl es.
